INTRODUCTION
============

Glycemic status in human body is dynamic in response to internal and external stimuli in a sensitive way. It is well maintained within a normal range by antagonistic feedback regulation of insulin and glucagon. Hormonal regulation of glucose metabolism is also affected by cytokines, adiponectin, interleukin (IL)-1, IL-6, and tumor necrosis factor alpha \[[@B1][@B2][@B3]\]. Obesity, physical inactivity, smoking, excessive physical/mental stress, and unhealthy diet consisting of high sugar and high fat foods are risk factors for impaired glucose tolerance (IGT) and/or diabetes \[[@B4]\]. Hyperglycemia is a main characteristic of IGT or diabetes. It affects peripheral tissues and blood vessel, causing diabetic complications. Exposure to high glucose *in utero* impairs organogenesis of embryos and fetus, leading to organ abnormalities such as cardiac defects \[[@B5]\]. Glucotoxicity induces cell injury of hepatocytes and pancreatic cells through molecular mechanisms of endoplasmic reticulum stress, oxidative stress, and mitochondrial impairment \[[@B6][@B7]\]. Moreover, chronic exposure to hyperglycemia can deteriorate cognitive function \[[@B8]\]. Hyperglycemia-induced impairment of cognitive function is considered a brain complication of diabetes \[[@B9]\].

Prevalence of diabetes-related dementia has not been reported or estimated yet. However, it cannot be neglected. The prevalence of diabetes and Alzheimer\'s disease (AD) is getting higher \[[@B10][@B11][@B12]\]. There is accumulating evidence demonstrating that hyperglycemia is a potential risk factor for the development of mild cognitive impairment (MCI) or AD \[[@B13][@B14][@B15][@B16]\]. Hyperglycemia increases amyloid beta accumulation on brain lesions, exacerbates oxidative stress, neuroinflammation, and mitochondrial dysfunction, impairs neuronal integrity, and causes neurodegeneration \[[@B15][@B17][@B18][@B19][@B20]\]. These are potential working mechanisms underlying diabetes-related dementia. In addition to the identification of working mechanisms and major therapeutic targets, extensive efforts have also focused on suggesting nutritional strategies to prevent impairment of cognitive function induced by hyperglycemia. Among many suggested nutrients and functional food components, niacin, folate, vitamin B6, vitamin B12, resveratrol, and their analogues exert potentials to prevent or treat hyperglycemia, diabetes, MCI and AD \[[@B21][@B22][@B23][@B24]\].

In this review, we will discuss current evidence regarding diabetes and cognitive impairment and demonstrate potential working mechanisms and therapeutic targets. We will also summarize the role of nutrients and functional food components that are beneficially associated with the prevention or treatment of diabetes-related dementia. Finally, nutritional intervention strategies for preventing or delaying diabetes-related cognitive impairment are suggested.

HYPERGLYCEMIA AND COGNITIVE FUNCTION
====================================

Hyperglycemia is a main characteristic of diabetes. It is a risk factor for the development of diabetic complications. Although several preventive strategies against diabetes have been developed based on better understanding of etiologies of diabetes and related health-promoting policies, the prevalence of diabetes is increasing. It has been estimated that its prevalence could reach more than 10% of world population by 2025 \[[@B25]\]. Diabetic conditions, especially, hyperglycemia, affect blood vessels, bone, and nerve. As people live longer, aging-related diseases become more prevalent. In addition to diabetes and cardiovascular diseases, the possibility of having neurodegenerative diseases is also increasing. Dementia is a disease that cognitive function is significantly impaired, subsequently making it difficult to maintain daily life for an individual. Globally, 46.8 million people are affected by dementia. The number of people with dementia is estimated to increase 1.6-fold by 2030 and 2.8-fold by 2050 worldwide \[[@B26]\]. One paper has demonstrated the decreasing occurrence of dementia over time in fourteen population-based studies and explained that the decreasing prevalence and incidence of dementia is possibly due to improvements in living conditions, better access to education, and improved healthcare systems \[[@B27]\].

Diabetic subjects have increased risk for developing dementia in later life \[[@B28][@B29][@B30][@B31]\]. Because diabetes and dementia have long-term progression in general, long-term follow-up examination is needed to investigate the association between diabetes and dementia. So far, no estimate of diabetes-related dementia is available. However, previous epidemiological analysis and systemic reviews have consistently demonstrated increased risk of dementia in diabetes. Prospective analysis of the Cardiovascular Health Study Cognition Study revealed that incidence of dementia was higher in subjects with diabetes (14.9%) than that in non-diabetic subjects (10.3%) during examination period between 1992 and 1999, with hazard ratio of 1.62 for AD in subjects with diabetes \[[@B28]\]. The increased risk for dementia was additive with the presence of *APOE* ε4 allele in diabetic subjects \[[@B28]\]. Another prospective analysis of Uppsala Longitudinal Study of Adult Men had median follow-up of about 32 years in 2,322 participants. It demonstrated that low insulin response was associated with a higher risk for AD, with hazard ratio of 1.31 \[[@B30]\]. In a systematic review to investigate the effect of type 2 diabetes on AD by analyzing 15 epidemiologic studies, the pooled adjusted risk ratio of analyzed studies was 1.57 (range, 0.83 to 2.45) \[[@B29]\]. These findings were derived from separate regional cohorts. Evidence on large-scale nationwide investigation is needed to estimate the prevalence and risk of diabetes-related dementia more precisely.

HYPERGLYCEMIA-INDUCED IMPAIRMENT OF COGNITIVE FUNCTION: MECHANISMS
==================================================================

Etiology of diabetes and dementia is quite complex. Risk factors for these two diseases somewhat tend to overlap. Examples of overlapping mechanisms of diabetes and dementia are inflammation, oxidative stress, and mitochondrial dysfunction. Based on previous reports, we will summarize potential mechanisms underlying hyperglycemia-induced impairment of cognitive function ([Figure 1](#F1){ref-type="fig"}). Among suggested mechanisms, brain insulin resistance and amyloidogenesis are central for hyperglycemia-induced impairment of cognitive function. Neuroinflammation, oxidative stress, and mitochondrial dysfunction are known to aggravate brain insulin resistance and amyloid beta accumulation in brain lesion. Prolonged exposure of hyperglycemia and hyperinsulinemia as well as high levels of amyloid beta in brain can lead to deterioration of neuronal structure and function, resulting in poor cognitive performance.

![Suggested mechanisms underlying hyperglycemia-induced impairment of cognitive function. Brain insulin resistance and amyloidogenesis are considered as main factors for hyperglycemia-induced impairment of cognitive function, and affected by neuroinflammation, oxidative stress, and mitochondrial dysfunction. Chronic progression of these two main factors causes neuropathological changes disrupting neuronal integrity and function (neurodegeneration), which eventually leads to cognitive disability and dementia.](cnr-7-229-g001){#F1}

Brain insulin resistance
------------------------

Insulin is a major polypeptide hormone to maintain glucose homeostasis by lowering increased blood glucose to normal range. It acts mainly on muscle and adipose tissue because glucose transporter 4 (GLUT4), an insulin-dependent transporter, is highly expressed on these tissues. Later, GLUT4 was found in brain, suggesting possible metabolic impact of brain GLUT4, although the most abundant glucose transporters in brain were insulin-independent transporters such as GLUT1 and GLUT3 \[[@B32]\]. Mice with neuron-specific deletion of insulin receptor had impaired glycemic response to hypoglycemia by inhibiting hypothalamic counter-regulatory response to low levels of blood glucose \[[@B33]\]. This demonstrates that insulin can act as a glucose sensor in hypothalamus involving brain glucose homeostasis. Another study using brain-specific GLUT4 knockout mice showed that GLUT4 deletion in brain caused glucose intolerance and hepatic insulin resistance with reduced glucose uptake in the brain \[[@B34]\]. Similar to mouse model with neuron-specific deletion of insulin receptor, brain-specific GLUT4 knockout mice also showed impaired glucose sensing and counter-regulatory responses to hypoglycemia by inhibiting epinephrine and glucagon responses in hypothalamic paraventricular nucleus \[[@B34]\].

Brain insulin resistance is considered a pathophysiological factor for developing dementia \[[@B35]\]. [Figure 2](#F2){ref-type="fig"} demonstrates how acute/chronic hyperglycemia affects cognitive function. Acute hyperinsulinemia in response to increases in blood glucose facilitates insulin transport across blood-brain barrier into the brain \[[@B36][@B37]\]. Insulin receptor is present in hippocampus \[[@B38]\]. It enables insulin to be involved in memory and cognitive function because hippocampus is the main area that is responsible for memory. Intracerebroventricular or intravenous administration of insulin can improve spatial or verbal memory in rats and subjects with AD \[[@B39][@B40][@B41]\]. However, chronic hyperinsulinemia in brain insulin resistance leads to impaired insulin signaling and limits available insulin by reducing insulin transporters of blood-brain barrier \[[@B42]\]. Therefore, impaired insulin signaling and limited availability of insulin by chronic hyperinsulinemia are associated with impairment of cognitive performance and the development of neurodegenerative diseases \[[@B42]\]. Unallowed substances in normal condition can also get into the brain because blood-brain barrier transporter is disrupted under the condition of chronic brain insulin resistance \[[@B43]\].

![Acute/chronic hyperglycemia and cognitive function. Acute hyperglycemia facilitates insulin transport into brain resulting in acute hyperinsulinemia. Presence of high levels of insulin for a short time improves spatial and verbal memory. On the other hand, chronic exposure to high blood glucose in brain induces chronic brain insulin resistance. Uncontrolled brain insulin resistance accompanied with impaired brain insulin signaling and limited availability of insulin may cause poor cognitive function.\
BBB, blood-brain barrier.](cnr-7-229-g002){#F2}

Amyloidogenesis
---------------

Major pathological characteristics of AD are the presence of senile plaques and neurofibrillary tangles in the brain that cause neurodegeneration in AD \[[@B44]\]. Major components of senile plaques and neurofibrillary tangles are amyloid beta and tau, respectively. Amyloid beta is generated from amyloid precursor protein (APP) through cleavage by beta- and gamma-secretases. Presenilin 1 is a core component of gamma-secretase complex. Hyperphosphorylation of tau also stimulates its aggregation, forming neurofibrillary tangles.

High glucose condition increases amyloid beta production by inhibiting APP degradation, not by increasing APP synthesis in neuronal-like and non-neuronal cells \[[@B45]\]. Abnormal insulin signaling in brain insulin resistance increases amyloid beta accumulation and tau phosphorylation in rodent models of type 1 and type 2 diabetes \[[@B46][@B47][@B48][@B49][@B50][@B51][@B52][@B53][@B54]\]. Streptozotocin (STZ)-induced type 1 diabetes shows increased levels of amyloid beta, APP, and tau phosphorylation in hippocampus of senescence-accelerated mice \[[@B47]\]. In other transgenic mouse models of AD, STZ injection-induced type 1 diabetes can aggravate amyloid beta accumulation in brain accompanied by upregulation of beta-site APP cleaving enzyme 1 and full-length APP \[[@B48][@B50]\]. Similarly, STZ-induced diabetic rats show atrophy of hippocampus, amyloid beta aggregation, synapse loss in brain, and impaired performance of memory and learning \[[@B54]\].

High fat diet-induced type 2 diabetes can induce amyloidogenesis of amyloid beta 1--40 and 1--42 peptides in brain of a transgenic mouse model of AD \[[@B49]\]. High fat diet can also increase amyloid beta synthesis and tau phosphorylation and reduce synaptophysin immunoreactivity, resulting in impaired memory function in a mouse model of AD \[[@B52]\]. High sucrose intake is another dietary factor that can induce insulin resistance. For example, 10% sucrose-sweetened water can result in weight gain and insulin resistance in mice. They also demonstrate features of glucose intolerance and hyperinsulinemia. Mice treated with sucrose-sweetened water also showed more amyloid beta deposit in the brain with memory deficits \[[@B46]\].

NUTRITIONAL INTERVENTION FOR HYPERGLYCEMIA-INDUCED IMPAIRMENT OF COGNITIVE FUNCTION
===================================================================================

It is generally considered that anti-diabetic strategy can protect against the development of diabetes-related dementia. This seems to be a reasonable concept. However, few strategies have been proved to be protective. The most successful nutritional component is resveratrol that has been shown to be effective in reducing the risk for diabetes-related dementia.

Resveratrol
-----------

Resveratrol is a brain-permeable stilbenoid found in grapes, blueberries, raspberries, and mulberries. It is well known to exert cardio-protective, anti-cancer, anti-inflammatory, and anti-oxidative activities \[[@B55]\]. [Table 1](#T1){ref-type="table"} summarizes reports regarding effects of resveratrol on diabetes-related dementia in rodents and human. Recent evidence has demonstrated that the neuroprotective effects of resveratrol is by stimulating amyloid beta clearance and protecting the integrity of blood-brain barrier and neuronal structure \[[@B56][@B57][@B58]\]. Resveratrol treatment (10 and 20 mg/kg of body weights) for eight weeks can improve cognitive function assessed by Morris water maze test and increase acetylcholinesterase activity in STZ-injected diabetic rats \[[@B59]\]. Resveratrol-mediated improvement in cognitive performance is related to inhibition of oxidative stress, inflammation, and synaptic loss \[[@B59]\]. In STZ-injected diabetic rats, resveratrol administration for four weeks improved cognitive deficit assessed by Morris water maze test. It also restored resveratrol-mediated alterations of caspase-3, Bax, Bcl-2, N-Methyl-D-aspartate receptor, and brain derived neurotrophic factor in the hippocampus \[[@B60]\]. In similar STZ-treated diabetic rats, resveratrol decreased acetylcholinesterase activity in blood and prevented memory impairment by modulating cholinergic neurotransmission \[[@B61]\]. In a rat model of brain insulin resistance with intracerebroventricular injection of STZ (ICV-STZ), phosphorylation levels of tau and extracellular signal-regulated kinases 1 and 2 (ERK1/2) were increased while activity of sirtuin 1 was decreased \[[@B62]\]. Impaired cognitive capability shown as reduced capacity of spatial memory was also observed in ICV-STZ rats. Resveratrol treatment (30 mg/kg) for eight weeks reversed phosphorylation levels of tau and ERK1/2 and activity of sirtuin 1 in the hippocampus, and cognitive performance in ICV-STZ treated rats \[[@B62]\]. Evidence from clinical trials regarding resveratrol and diabetes-related dementia is limited. In a clinical trial of subjects with type 2 diabetes, a single dose of resveratrol (75, 150, or 300 mg) improved neurovascular coupling capacity and multi-tasking performance \[[@B63]\].

###### The effects of RSV treatment on diabetes-related dementia

![](cnr-7-229-i001)

  Ref. No.                                                                                               Study design                                                                                                                 Treatment                                      Main findings
  ------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------- ---------------------------------------------------------------------------------
  Tian et al. \[[@B59]\]                                                                                 Male Sprague-Dawley rats (10--12 weeks old, 200--250 g), single dose of 60 mg/kg STZ (n = 15/group)                          RSV (10 mg, 20 mg/kg), 8 weeks                 • Improve cognitive performance (Morris water maze test)
  • Attenuate oxidative stress and inflammation                                                                                                                                                                                                                                      
  • Inhibit synapse loss                                                                                                                                                                                                                                                             
  Tian et al. \[[@B60]\]                                                                                 Male Sprague-Dawley rats (2 months old, 180--210 g), single dose of 60 mg/kg STZ (n = 15/group)                              RSV (80 mg/kg), 4 weeks                        • Improve cognitive deficit (Morris water maze test)
  • Reverse alterations in the protein expression of caspase-3, Bax, Bcl-2, NMDAR1 and BDNF                                                                                                                                                                                          
  Du et al. \[[@B62]\]                                                                                   Male Sprague-Dawley rats (3 months old, 250 ± 20 g), ICV-STZ of 3 mg/kg, twice with an interval of 48 hours (n = 10/group)   RSV (30 mg/kg), 8 weeks                        • Improve cognitive capability (Morris water maze test)
  • Reverse alterations ERK1/2 phosphorylation, tau phosphorylation, sirtuin 1 activity in hippocampus                                                                                                                                                                               
  Schmatz et al. \[[@B61]\]                                                                              Male Wistar rats (70--90 days old, 250--270 g), single dose of 55 mg/kg STZ (n = 6--13/group)                                RSV (10 mg/kg), 30 days                        • Decrease acetylcholinesterase activity in blood and prevent memory impairment
  Wong et al. \[[@B63]\]                                                                                 Thirty-six type 2 diabetes adults (40--80 years old)                                                                         Single doses of RSV (0, 75, 150, and 300 mg)   • Improve neurovascular coupling capacity and multi-tasking performance

RSV, resveratrol; STZ, streptozotocin; NMDAR1, N-Methyl-D-aspartate receptor; BDNF, brain-derived neurotrophic factor; ICV, intracerebroventricular; ERK1/2, extracellular signal-regulated kinases 1 and 2.

Curcumin and other nutritional factors
--------------------------------------

Curcumin is a main functional compound in *Curcuma longa* L. rhizomes (turmeric). Due to its anti-inflammatory and anti-oxidative activities, it is effective in improving insulin resistance and diabetes \[[@B64][@B65]\]. It can also cross the blood-brain barrier and reduce toxicity of amyloid beta aggregates in human neuronal SH-SY5Y cells \[[@B66]\]. Curcumin treatment (10  mg/kg of body weight) for 7 weeks has shown neuroprotective effects with improved performance of active avoidance and locomotor activity in ICV-STZ-induced diabetic rats \[[@B67]\]. Current evidence regarding the effects of curcumin on diabetes-related dementia in rodents was summarized in [Table 2](#T2){ref-type="table"}. In addition to curcumin, natural compounds such as palinurin, ginsenosides, and flavonoids have been found to be potentially effective for preventing diabetes-related dementia \[[@B68]\]. However, direct evidence that demonstrates their preventive or treatment effects on diabetes-related dementia is lacking.

###### The effects of curcumin on diabetes-related dementia

![](cnr-7-229-i002)

  Ref. No.                                                                                       Study design                                                                                           Treatment                                     Main findings
  ---------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------ --------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Maithilikarpagaselvi et al. \[[@B64]\]                                                         Male Wistar rats (5 months old, 250--300 g), fructose (60% (w/w) feeding for 10 weeks (n = 10/group)   Curcumin (200 mg/kg), 10 weeks                • Attenuate insulin resistance by decreasing the activation of stress sensitive kinase (IRS-1) in skeletal muscle and inhibiting inflammatory cascades and oxidative stress
  • No direct evidence on cognitive function                                                                                                                                                                                                          
  Naijil et al. \[[@B65]\]                                                                       Male Wistar rats (90--110 g), multiple low-dose STZ (n = 6--8/group)                                   Curcumin pre-treatment (7.5 mg/kg), 60 days   • Decrease α2-adrenergic receptor (sympathetic inhibition of insulin release) and increase β-adrenergic receptor (neuronal stimulation of hyperglycemia-induced β-cell compensatory response) in pancreas
  • Up-regulate CREB, phospholipase C, insulin receptor, and glucose transporter 2 in pancreas                                                                                                                                                        
  • No direct evidence on cognitive function                                                                                                                                                                                                          
  Huang et al. \[[@B67]\]                                                                        Rat, single dose of 3.0 mg/kg ICV-STZ and subcutaneous D-galactose daily (125 mg/kg) for 7 weeks       Curcumin (10 mg/kg), 7 weeks                  • Decrease oxidative stress
  • Improve the abilities of active avoidance and locomotor activity                                                                                                                                                                                  
  • Attenuate neurodegeneration                                                                                                                                                                                                                       

IRS-1, insulin receptor substrate-1; CREB, cyclic AMP response element-binding protein; ICV, intracerebroventricular; STZ, streptozotocin.

Moreover, Mediterranean diet, Dietary Approaches to Stop Hypertension (DASH) diet, and Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet have been suggested to be effective for preventing dementia \[[@B69][@B70]\]. However, meaningful findings from clinical trials have not been reported yet regarding effects of these dietary patterns on diabetes-related dementia.

CONCLUSION
==========

Cognitive impairment is often accompanied by progression of diabetes. The association between diabetes and dementia is supported by findings from several epidemiological studies. Based on previous epidemiological and experimental studies, diabetes-related dementia could be considered as type 3 diabetes \[[@B71][@B72]\]. Existing evidence utilizing rodent models of type 1 and type 2 diabetes have identified two main working mechanisms underlying diabetes-related dementia: brain insulin resistance and amyloidogenesis. Other mechanisms including neuroinflammation, oxidative stress, and mitochondrial dysfunction have also been suggested. As a result, neurodegeneration progresses in structure and functions of neurons, eventually causing impaired cognitive function. As main mechanisms and molecular targets of diabetes-related dementia have been identified, more efforts have been put on the development of interventional strategy to prevent diabetes-related dementia. Because research on dementia needs long-term intervention and extensive follow-up processes, few clinical trials have been registered to investigate nutritional intervention strategy for diabetes-related dementia. So far, antioxidants, phospholipids, omega-3 fatty acids, and polyphenols are known to be beneficial for brain function. Among these potential nutritional components, resveratrol is well identified to be able to improve cognitive function in diabetes. In addition to single nutrient supplementations, approaches of multi-components supplementations or healthy dietary patterns are also applied. In general, multi-components supplementations or dietary patterns rather than single nutritional components seem to be more effective for preventing chronic diseases. Therefore, clinical trials in a long-term and large-scale setting considering multiple dietary components or dietary patterns are needed. Once dementia is diagnosed and pathological changes become evident, it is difficult to reverse its progression. The most important goal for diabetes-related dementia is to identify its individual risk factors and prevent the occurrence of diabetes and dementia. Effective intervention strategies including nutritional approaches should be developed based on reliable scientific evidence.
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